Introduction
============

The functionalization of fullerenes and endohedral metallofullerenes (EMFs) has attracted considerable attention in the last few decades.[@cit1]--[@cit7] The derivatization of these compounds helps to modulate their electronic and physicochemical properties, generating fullerene and EMF derivatives more suitable for practical applications.[@cit2],[@cit8]--[@cit12] Fullerenes undergo a variety of chemical reactions favored by their electron deficient nature, especially cycloadditions and nucleophilic additions.[@cit1],[@cit6],[@cit7],[@cit13]--[@cit15] Generally, the reactions in fullerenes take place in their singlet ground states. Less often, however, the reaction can occur in high spin states. In some cases, this is because the ground state of the fullerene or EMFs is a high spin state. High spin ground states in EMFs are attributed usually to the electronic structure of the encapsulated species.[@cit16]--[@cit20] Although less common, some empty fullerene cages like C~68~ can also have high spin ground states.[@cit21],[@cit22] The triplet ground state of C~68~ is attributed to the aromatic character of this electronic state as compared to the antiaromatic character of its singlet state.[@cit21],[@cit23] In other cases, fullerenes can be photoexcited to higher spin states and the reaction takes place in these excited states. The photophysical and photochemical properties of ^3^C~60~, which is the lowest-lying excited state of C~60~, have been studied by several groups since 1991.[@cit24]--[@cit27] Their investigations proved that during the excitation of C~60~, the intersystem crossing (ISC) from the first singlet excited state to the first triplet excited state (S~1~ to T~1~) occurs with a high efficiency, mainly due to the small splitting between these two states as well as the large spin-orbital interaction in the spherical cage. The straightforward generation of the first triplet excited state of C~60~ opened the door to photochemical processes. For instance, the \[2+2\] photocycloadditions on fullerenes are common since the 90s.[@cit28]--[@cit31] In fact, fullerenes have been able to react photochemically with, among others, alkenes, enones, styrenes, *etc.* The existence of a biradical intermediate was demonstrated in many of these reactions.[@cit28]--[@cit35] Moreover, several studies found that it is also possible to obtain Diels--Alder (DA) adducts from the ^3^C~60~ species.[@cit36],[@cit37]

The multiple addition sites available in fullerenic cages makes controlling the regioselectivity in the chemical functionalization of fullerenes one of the most challenging aspects in fullerene chemistry.[@cit38],[@cit39] Fullerenes following the isolated pentagon rule (IPR)[@cit40] have two different types of C--C bonds, namely, the \[6,6\] bonds in hexagon--hexagon ring junctions and the \[5,6\] bonds in the connection between an hexagon and a pentagon. Usually, the \[6,6\] bonds are more reactive than the \[5,6\] bonds in hollow fullerenes, while \[5,6\] additions are more common in EMFs.[@cit41]--[@cit43] In 2013, some of us studied the changes in the regioselectivity of the exohedral functionalization of C~60~ after successive electron additions.[@cit44] It was shown that successive reductions of C~60~ (C~60~^--*q*^, *q* = 0--6) dramatically modify the regioselectivity of the DA additions, from the usual \[6,6\] addition in neutral species to addition to the \[5,6\] bond when the number of electrons added to C~60~ was higher than four. This regioselectivity change was rationalized in terms of local aromaticity variations in the 5- and 6-membered rings (6-MRs) of the fullerene due to the reduction process. Electrons added to the cage accumulate in the 5-MRs that gain cyclopentadienyl anion character, increasing significantly their aromaticity. In this situation, addition to a \[5,6\] bond, which involves breaking the aromaticity of a unique 5-MR, becomes more favorable than addition to a \[6,6\] bond that destroys the aromaticity of two 5-MRs.

It is well known that the cyclopentadienyl cation, C~5~H~5~^+^, has a triplet ground state.[@cit45] The stability of this triplet state is justified by the so-called Baird rule of aromaticity.[@cit46],[@cit47] Taking this result into account, one could hypothesize that by increasing the spin of the fullerenic cage, the spin density could accumulate in the 5-MRs that may become more aromatic by getting more triplet cyclopentadienyl cation character. If this is true and from the results obtained in reduced C~60~, it is likely that we may observe in C~60~ a change in the regioselectivity of the DA cycloaddition from \[6,6\] to \[5,6\] when increasing the spin of the fullerenic cage. The present study checks this hypothesis. Our goal is to analyze the effect of changing the spin (*S* = 0--6) in the DA cycloaddition between C~60~ and two different dienes, cyclopentadiene and isoindene. We explore different spin states (*S* from 0 to 6, the latter having 12 unpaired electrons, *i.e.*, one unpaired electron per 5-MR) with the aim of determining the spin state that has to be reached to change the regioselectivity of the DA reaction. We anticipate here that our computational results predict a change in the regioselectivity of the process already in the triplet state. Subsequently, we have carried out experiments to verify the calculations. Unfortunately, experiments have not confirmed our initial predictions for the triplet state. Finally, we have performed additional calculations that justify the experimental outcome in this triplet state.

Methods
=======

(a). Computational methodology
------------------------------

All geometry optimizations were performed with the Gaussian 09 package[@cit48] at the B3LYP-D3/6-31G(d)[@cit49]--[@cit52] level of theory that includes the Grimme dispersion corrections (D3).[@cit53] The selected basis set was successfully used in computational studies of fullerenes. Although larger basis sets are recommended for the description of high spin states,[@cit54] the size of the systems studied prevents the use of larger basis sets. Inclusion of dispersion corrections is essential to get a good theoretical description of the Diels--Alder cycloaddition to fullerenes.[@cit55] Analytical Hessians were computed to confirm that the optimized structures are indeed minima (zero imaginary frequencies) or transition states (one imaginary frequency) and to calculate unscaled zero-point energies (ZPEs) as well as thermal corrections and entropy contributions using the standard statistical-mechanics relationships for an ideal gas. These two latter terms were computed at 298.15 K and 1 atm to provide gas-phase Gibbs energies at the B3LYP-D3/6-31G(d) level of theory. Gibbs energies in toluene solution were calculated from the gas-phase Gibbs energies by adding the Gibbs solvation energies in toluene obtained with the polarizable continuum model (PCM)[@cit56] by single point energy calculations using the gas-phase geometries. It should be noted that although changes in reaction energies and energy barriers when going from gas-phase to solution obtained with the PCM model are trustworthy, the absolute solvation energies are likely overestimated.[@cit57]

The harmonic oscillator model of aromaticity (HOMA) index,[@cit58],[@cit59] the multicenter index (MCI),[@cit60] and the normalized version of MCI (*I*~NB~)[@cit61] were used to quantify the aromatic character of the 5- and 6-MRs of C~60~.[@cit62] The HOMA is defined as:where *n* is the number of bonds considered, and *α* is an empirical constant (for C--C bond *α* = 257.7) fixed to give HOMA = 0 for a model nonaromatic system and HOMA = 1 for a fully aromatic system with the C--C bonds equal to the optimal value *R*~opt~ = 1.388 Å. *R*~*i*~ stands for a running bond length.

The MCI is an electronic index obtained from *I*~ring~ values[@cit63] as follows:where *N* is the number of atoms of the ring, ![](c7cp07965f-t3.jpg){#ugt3} stands for a permutation operator which interchanges the atomic labels *A*~1~, *A*~2~, ..., *A*~*N*~ (see eqn (3)) to generate up to the *N*! permutations of the elements in the string ![](c7cp07965f-t4.jpg){#ugt4}, and the *I*~ring~ index is defined as: *n*~*i*~ being the occupancy of the molecular orbital (MO) *i* and ![](c7cp07965f-t6.jpg){#ugt6} the overlap between MOs *i* and *j* within the molecular space assigned to atom *A*~*k*~. Finally, *I*~NB~ is given by:where *C* = 1.5155 and *N*~π~ is the number of π-electrons associated with ring ![](c7cp07965f-t8.jpg){#ugt8}. The MCI and *I*~NB~ were calculated with the B3LYP-D3/6-311G(d)//B3LYP-D3/6-31G(d) method. All MCI and *I*~NB~ calculations were performed using the ESI-3D program,[@cit64]--[@cit67] using the QTAIM (Quantum Theory of Atoms in Molecules) atomic partition and the integration scheme as implemented in the AIMAll package.[@cit68]

(b). Experimental methods and materials
---------------------------------------

The commercially available reagents and solvents were used without further purification. Indene (99%), Rose Bengal (95%) and Methylene Blue were provided by Sigma Aldrich and Toluene (HPLC grade) from Fisher Chemical. \[Ru(bpy)~3~\](ClO~4~)~2~ was synthesized according to the procedure previously described.[@cit69] Reactions carried out under 420 nm and UVA light were irradiated using a Photoreactor Package LZC-ORG (Luzchem). When the irradiation was carried out with the Hg lamp, a solution of KMnO~4~ or CoSO~4~ (CoCl~2~ + Na~2~SO~4~) in water (4 × 10^--5^ M) was located between the lamp and the reaction flask acting like a filter. Reactions were monitored by HPLC column Buckyprep (Waters) (4.6 × 250 mm). All these values were monitored in a 320 nm spectrophotometer detector. For conversions, also HPLC was employed.

Results and discussion
======================

This section is divided into two subsections. First, we perform a computational study of the DA cycloaddition of cyclopentadiene to ^2*S*+1^C~60~ (*S* = 0--6). And second, we discuss the experimental and computational results of the DA cycloaddition of isoindene to ^3^C~60~.

(a) The Diels--Alder cycloaddition of cyclopentadiene to ^2*S*+1^C~60~ (*S* = 0--6). A computational study
----------------------------------------------------------------------------------------------------------

The Diels--Alder reaction between ^2*S*+1^C~60~ and cyclopentadiene (Cp) can occur concertedly or stepwise (see [Fig. 1](#fig1){ref-type="fig"}). Our results show that the reaction takes place concertedly only in the S~0~ state. From *S* = 1 to *S* = 6, the process is stepwise through the formation of a high spin radical intermediate. In this intermediate, the carbon atom of the Cp fragment that has to form the second C--C bond can be oriented to attack the C atom of a \[6,6\] bond and generate the pro-int\[6,6\] intermediate or oriented towards the C atom of a \[5,6\] bond and form the pro-int\[5,6\] intermediate. These two intermediates are almost isoenergetic (energies differences of 0.3--0.5 kcal mol^--1^) and the conversion from one intermediate to another takes place easily by rotation along the newly formed C--C sigma bond (Δ*E*^‡^ = 6.2--6.7 kcal mol^--1^, Table S6, ESI[†](#fn1){ref-type="fn"}).

![Schematic reaction mechanism of the Diels--Alder reaction between ^2*S*+1^C~60~ and cyclopentadiene (Cp) in the ground and high spin states. Bond distances (in Å) correspond to the reaction in the T~1~ state.](c7cp07965f-f1){#fig1}

[Table 1](#tab1){ref-type="table"} collects the Gibbs and electronic energy differences in reaction energies and energy barriers for the additions to the \[5,6\] and \[6,6\] bonds of ^2*S*+1^C~60~. Energy differences in [Table 1](#tab1){ref-type="table"} are obtained from the Gibbs and electronic energy barriers for the DA cycloaddition listed in Table S5 (ESI[†](#fn1){ref-type="fn"}), which are given with respect to the most stable intermediate (the pro-int\[6,6\] for *S* = 1--6 or the van der Waals reactant complex for *S* = 0) for each reaction. Positive values indicate that the \[5,6\] attack is thermodynamically (ΔΔ*G*~R~) or kinetically (ΔΔ*G*^‡^) more favorable than the \[6,6\] addition. Comparison of Gibbs energy differences in the gas-phase and toluene solution of [Table 1](#tab1){ref-type="table"} shows that solvent effects are minor (less than 0.5 kcal mol^--1^ differences) and, in general, favor the \[5,6\] addition. [Fig. 2](#fig2){ref-type="fig"} reports the gas-phase Gibbs reaction energy for the \[5,6\] and \[6,6\] additions as well as the aromaticity of the 5-MRs and 6-MRs measured in terms of the MCI for the different studied spin states. In the S~0~ state, our calculations indicate that the concerted \[6,6\] addition is thermodynamically and kinetically more favored than the \[5,6\] one as expected from previous theoretical studies.[@cit41],[@cit42],[@cit44] This result concurs with experimental evidence[@cit70],[@cit71] showing that the reaction takes place over the \[6,6\] bond with an activation energy of 6.9 kcal mol^--1^ (compared to our Δ*H*^‡^ of 10.2 kcal mol^--1^ calculated at the B3LYP-D3/6-31G(d) level of theory as the enthalpy difference between the transition state and the van der Waals reactant complex) and a reaction enthalpy of --19.8 ± 2.2 kcal mol^--1^ (Δ*H*~r~ = --23.5 kcal mol^--1^ with the B3LYP-D3/6-31G(d) method). Nevertheless, the regioselectivity changes drastically once ^3^C~60~ is considered and the \[5,6\] addition becomes the most favored. The reaction energy and energy barrier differences between \[5,6\] and \[6,6\] attacks for the different spin states given in [Table 1](#tab1){ref-type="table"} show that the inversion of the regioselectivity already occurs when going from ^1^C~60~ to ^3^C~60~ and it is maintained for the rest of the high spin states (^2*S*+1^C~60~ with *S* \> 0). Therefore, spin states of C~60~ with *S* = 1--6 favor the \[5,6\] addition both thermodynamically and kinetically even if pro-int\[6,6\] is formed first. The barriers involving the transformation from pro-int\[6,6\] to pro-int\[5,6\] and to the adduct \[5,6\] are lower than the barrier corresponding to the formation of the \[6,6\] adduct from pro-int\[6,6\].

###### B3LYP-D3/6-31G(d) Gibbs and electronic energy differences (kcal mol^--1^) in reaction energies and energy barriers for the additions to the \[6,6\] and \[5,6\] bonds and for different spin states. Barriers calculated from the respective lowest in the energy intermediate. Negative values indicate that the \[6,6\] addition is more favored than the \[5,6\] attack

  2*S* + 1 =                                                              1         3      5      7       9       11      13
  ----------------------------------------------------------------------- --------- ------ ------ ------- ------- ------- -------
  ΔΔ*E*~R~(\[6,6\]--\[5,6\])                                              --19.87   4.13   4.74   8.48    12.72   13.10   20.33
  ΔΔ*E*^‡^(\[6,6\]--\[5,6\])                                              --15.26   9.56   9.71   10.47   15.13   14.57   17.11
  ΔΔ*G*~R~(\[6,6\]--\[5,6\])[^*a*^](#tab1fna){ref-type="table-fn"}        --19.29   3.14   3.43   6.85    10.75   11.79   17.90
  ΔΔ*G*^‡^(\[6,6\]--\[5,6\])[^*a*^](#tab1fna){ref-type="table-fn"}        --13.64   8.05   7.52   9.35    13.17   12.77   15.20
  ΔΔ*G*~R,solv~(\[6,6\]--\[5,6\])[^*b*^](#tab1fnb){ref-type="table-fn"}   --19.24   3.21   3.56   6.96    10.79   11.82   17.79
  ΔΔ*G*‡solv(\[6,6\]--\[5,6\])[^*b*^](#tab1fnb){ref-type="table-fn"}      --13.88   8.51   7.95   9.51    13.23   12.78   14.99

^*a*^Gas-phase Gibbs energy differences.

^*b*^Gibbs energy differences in toluene.

![Schematic representation of the gas-phase Gibbs reaction energies (kcal mol^--1^) for the Diels--Alder addition of cyclopentadiene (Cp) to the \[6,6\] and \[5,6\] bonds of ^2*S*+1^C~60~ and average MCI values (dashed lines, in electrons) of the 5-MRs and 6-MRs in ^2*S*+1^C~60~ for the different spin states studied. The MCI for 5- and 6-MRs is obtained by averaging the MCI of all the 5-MRs (12 rings) and 6-MRs (20 rings), respectively.](c7cp07965f-f2){#fig2}

Changes in C--C bond distances and pyramidalization angles do not explain the inversion of the regioselectivity when going from singlet to high spin states. Pyramidalization angles remain more or less the same and the \[5,6\] C--C bond distances are for all spin states studied larger than the \[6,6\] ones. The regioselectivity change can only be understood by analyzing the local aromaticity of the rings involved in the DA reaction. Tables S1 and S2 (ESI[†](#fn1){ref-type="fn"}) gather the calculated HOMA, MCI, and *I*~NB~ for the 5-MRs and 6-MRs of different ^2*S*+1^C~60~ (*S* = 0--6) species. HOMA, which is a geometric-based indicator of aromaticity that only takes into account the C--C bond distances, shows an increase of the aromaticity of the 5-MRs when the spin state increases, whereas for the 6-MRs it does not follow a clear trend. As HOMA was developed for ground state species, it is likely that evaluation of aromaticity for the high spin systems is not accurate enough. Electronic indices are expected to be more reliable.[@cit67],[@cit72]--[@cit75] MCI and *I*~NB~ give the same tendency for the aromatic character of 5-MRs as HOMA does. Nevertheless, employing these electronic indices, we notice that the aromaticity of the 6-MRs decreases when the spin increases. Actually, the same trends were also observed when reducing C~60~ by adding up to six electrons to the carbon cage.[@cit44] Interestingly, for C~70~ we find the same behavior, *i.e.*, the aromatic character of the 5-MRs increases and that of the 6-MRs decreases when the spin of the fullerene increases (see Tables S3 and S4, ESI[†](#fn1){ref-type="fn"}). Our interpretation of this result is that 5-MRs become more aromatic by getting more triplet cyclopentadienyl cation character. Indeed, our results show that the spin density accumulates mainly in the 5-MRs of ^2*S*+1^C~60~ (*S* = 1--6). On the other hand, increasing the radical character of 6-MRs reduces their aromaticity.

With this information, we can rationalize the changes in the regioselectivity of the DA reaction between ^2*S*+1^C~60~ and cyclopentadiene. [Table 2](#tab2){ref-type="table"} gathers the ^2*S*+1^C~60~ MCI~Pyr~, ^2*S*+1^C~60~ MCI~Cor~, ^2*S*+1^C~60~Cp MCI~Pyr~ and ^2*S*+1^C~60~Cp MCI~Cor~ values, where the MCI is calculated summing the four rings involved in the corannulenic (MCI~Cor~) or the pyracylenic (MCI~Pyr~) unit (see the inset of [Fig. 1](#fig1){ref-type="fig"} for a picture of corannulenic and pyracylenic units). ΔMCI is the difference between the sum of the MCI of the rings of the pyracylenic/corannulenic unit in the product ^2*S*+1^C~60~Cp and the same sum in the reactant ^2*S*+1^C~60~. And ΔΔMCI~Pyr--Cor~ in [Table 2](#tab2){ref-type="table"} corresponds to the difference in the loss of aromaticity measured with the MCI between the \[5,6\] corannulenic addition and the \[6,6\] pyracylenic addition. A positive ΔΔMCI~Pyr--Cor~ value indicates that the reduction of the aromaticity due to a \[5,6\] attack is more important than that of the \[6,6\] addition and the other way round.

###### B3LYP-D3/6-311G(d)//B3LYP-D3/6-31G(d) MCI~Pyr~ and MCI~Cor~ indices (in 10^--2^ electrons), changes in the MCI when going from reactants to products (ΔMCI) and their differences (ΔΔMCI~(Pyr--Cor)~) for the pyracylenic and corannulenic units for the different spin states

  2*S* + 1 =                 1        3        5        7        9        11       13
  -------------------------- -------- -------- -------- -------- -------- -------- --------
  ^2*S*+1^C~60~ MCI~Pyr~     5.63     5.89     5.25     5.20     5.64     6.02     6.46
  ^2*S*+1^C~60~ MCI~Cor~     6.25     5.90     5.39     4.81     4.78     4.84     4.89
  ^2*S*+1^C~60~Cp MCI~Pyr~   1.06     1.05     1.08     1.13     1.12     1.13     1.04
  ^2*S*+1^C~60~Cp MCI~Cor~   1.13     0.92     0.94     0.90     0.89     0.85     0.78
  ΔMCI~Pyr~                  --4.57   --4.84   --4.17   --4.07   --4.52   --4.89   --5.41
  ΔMCI~Cor~                  --5.11   --4.99   --4.44   --3.91   --3.88   --3.99   --4.09
  ΔΔMCI~Pyr--Cor~            0.54     0.15     0.27     --0.16   --0.63   --0.90   --1.32

From the results of [Tables 1 and 2](#tab1 tab2){ref-type="table"}, we see that the \[5,6\] addition becomes more favorable when the ΔΔMCI~Pyr--Cor~ value decreases. Although there is not a perfect correlation (aromaticity changes are not the only factor that intervenes and, for instance, spin density accumulation may be another important aspect to take into account and, consequently, correlation coefficients are not large: for instance, *r*^2^ = 0.58 for the linear relationship between ΔΔMCI~Pyr--Cor~ and ΔΔ*G*^‡^), the trend is clear: when ΔΔMCI~Pyr--Cor~ decreases, ΔΔ*G*~R~ and ΔΔ*G*^‡^ increase. As said before, 5-MRs become more aromatic when the spin state increases. The \[5,6\] addition (corannulenic unit, [Fig. 1](#fig1){ref-type="fig"}) disrupts the aromaticity of one 5-MR and three 6-MRs, whereas the \[6,6\] attack (pyracylenic unit, [Fig. 1](#fig1){ref-type="fig"}) breaks the aromaticity of two 5-MRs and two 6-MRs. For ^1^C~60~, 6-MRs are more aromatic than 5-MRs, therefore the \[6,6\] addition is more favorable since it destroys the aromaticity of only two 6-MRs as compared to three in the \[5,6\] attack. On the other hand, for high spin states, the 5-MRs become more aromatic than the 6-MRs. In this situation, addition to a \[5,6\] bond becomes more favorable because it breaks the aromaticity of only a single 5-MR.

(b) The Diels--Alder cycloaddition of isoindene to ^3^C~60~
-----------------------------------------------------------

The computational results from the previous section indicate that DA cycloadditions involving ^3^C~60~ should generate \[5,6\] adducts. Prompted by these results, we decided to validate experimentally these theoretical predictions. To this end, we performed the photochemically induced DA cycloaddition between ^3^C~60~ and isoindene. In a previous work, Puplovskis *et al.* isolated the resulting \[6,6\] product from the Diels--Alder reaction between ^1^C~60~ and isoindene, which is prepared *in situ* from indene in refluxing *o*-dichlorobenzene (*o*-Cl~2~C~6~H~4~).[@cit76] Here, for the preparation of the \[5,6\] cycloadduct **1b**, we used photochemical conditions and temperatures below 40 °C to avoid the thermal cycloaddition. Under these photochemical conditions, it is known that indene transforms into isoindene.[@cit77],[@cit78] Thus, \[60\]fullerene (10 mg, 0.014 mmol) was dissolved in toluene (50 mL) along with indene (160 μL, 100 equiv.) and the solution was degassed with argon in order to remove the oxygen. After 15 minutes, the flask was irradiated with a Hg lamp (300 W) and monitored by HPLC for 2--18 hours. \[6,6\] derivative **1a** was the sole monoadduct obtained with 4--39% yield depending on the reaction time (see [Fig. 3](#fig3){ref-type="fig"}). On the other hand, the \[5,6\] adduct **1b** was not observed. The reaction afforded the expected product in moderate yield together with pristine \[60\]fullerene, since longer reaction times lead to the formation of a mixture of regioisomeric bisadducts.

![The reaction between ^3^C~60~ and isoindene.](c7cp07965f-f3){#fig3}

Any other attempt to afford **1b** by changing light wavelength, concentrations, and the molecular ratio failed (see Table S14 in the ESI[†](#fn1){ref-type="fn"}). In particular, we hypothesized that no formation of **1b** could be due to a further photochemically induced rearrangement that could convert **1b** into **1a**. However, efforts to avoid such rearrangement by using chemical filters or sensitizers (see ESI[†](#fn1){ref-type="fn"}) gave rise to **1a** or prevented the reaction, since no selective sensitization of the sole fullerene triplet affording **1b** occurred. It is worth noting that this hypothetic photochemically induced rearrangement is not supported by our computational results (*vide infra*, [Fig. 4](#fig4){ref-type="fig"} and Fig. S1, ESI[†](#fn1){ref-type="fn"}) showing that, in the T~1~ state, the \[5,6\] product is more stable than the \[6,6\] one by Δ*G* = 4.7 kcal mol^--1^. Therefore, in the case of the existence of a possible rearrangement in the T~1~ state, the accumulated product would be \[5,6\] and not \[6,6\] as found experimentally.

![Electronic energy profiles (kcal mol^--1^) (see Fig. S1 (ESI[†](#fn1){ref-type="fn"}) for Gibbs energies in the gas-phase and in toluene solution) for the reaction between C~60~ and isoindene in the closed or open-shell (O--S) singlet and triplet states at the B3LYP-D3/6-31G(d) level (Δ*E*^ISC^(\[5,6\]) = *E*~crossing~(\[5,6\]) -- *E*~pro-int~(\[5,6\]^T~1~^); Δ*E*^ISC^(\[6,6\]) = *E*~crossing~(\[6,6\]) -- *E*~pro-int~(\[6,6\]^T~1~^)). Values in italics correspond to biradical open-shell singlet species.](c7cp07965f-f4){#fig4}

Since the experimental results did not confirm our theoretical prediction, we decided to analyze computationally in more detail the photochemical DA cycloaddition between ^3^C~60~ and isoindene. Our aim was to see whether the use of a different diene (cyclopentadiene/isoindene) could explain the mismatch between experiments and computations. As previously found for cyclopentadiene, our calculations indicate that the DA addition of isoindene to C~60~ is concerted in the S~0~ state and stepwise in the T~1~ state. Table S7 (ESI[†](#fn1){ref-type="fn"}) collects the gas-phase Gibbs and electronic reaction energies and energy barriers for the \[5,6\] and \[6,6\] addition when the reaction takes place with isoindene in the S~0~ and T~1~ states (we also calculated the gas-phase Gibbs and electronic reaction energies and energy barriers considering indene as diene, see Table S10, ESI[†](#fn1){ref-type="fn"}). Generally, the lower energy barriers involved in the addition of isoindene indicate that this compound is more reactive than indene. Our results (Tables S7--S9, ESI[†](#fn1){ref-type="fn"}) using isoindene as diene show that the formation of the \[6,6\] adduct is more exergonic and has a lower energy barrier than that of the \[5,6\] adduct in the S~0~ state, whereas the opposite is found for the T~1~ state. Therefore, the inversion of regioselectivity should also be occurring in this case but experimentally only the \[6,6\] adduct is obtained. At the first glance, the computational and experimental results did not match. Nevertheless, it has been reported that ^1^C~60~ can undergo intersystem crossing to ^3^C~60~ with very high quantum yields.[@cit24] Thus, if a crossing point between the potential energy surfaces of the S~0~ and T~1~ states along the DA reaction exists, then it is likely that T~1~ states can be deactivated through this intersystem crossing quite effectively. At this point, it is difficult to observe if there is a crossing point or not because the mechanism is different (concerted reaction for the S~0~ ground state and stepwise addition for the T~1~ state). So, we decide to compute the energy profile in the open-shell singlet potential energy surface (PES) for the stepwise mechanism ([Fig. 4](#fig4){ref-type="fig"}). The closed- and open-shell singlet PESs coincide except in the region of the biradical intermediate. In the open-shell singlet case (Table S7, ESI[†](#fn1){ref-type="fn"}), the predicted regioselectivity coincides with that of the closed-shell singlet state case, thus favoring the \[6,6\] addition although differences in energy barriers for the two additions are smaller. In the open-shell singlet PES, we have been unable to locate the transition state for the last step of the \[6,6\] addition. A linear-transit calculation for the transformation of pro-int\[6,6\] into the adduct has shown that it is a barrierless process. It is worth highlighting that the open-shell singlet character is detected only in TS~biradical~, pro-int\[5,6\], pro-int\[6,6\], and TS~adduct~\[5,6\] species. If we analyze the energy profile ([Fig. 4](#fig4){ref-type="fig"}) and the molecular structures shown in [Fig. 5](#fig5){ref-type="fig"}, we observe that the pro-int\[5,6\] and pro-int\[6,6\] are the most suitable structures for being close to crossing state points. Indeed, the fact that these structures are not far from crossing points was confirmed using Harvey\'s method[@cit79],[@cit80] to locate spin-crossing points ([Fig. 5](#fig5){ref-type="fig"}). The intersystem crossing (ISC) energies (Δ*E*^ISC^\[5,6\] and Δ*E*^ISC^\[6,6\]) are calculated as the difference between the crossing point energy and the pro-int\[5,6\] or pro-int\[6,6\] energy in their T~1~ state. Δ*E*^ISC^(\[5,6\]) and Δ*E*^ISC^(\[6,6\]) are 5.4 and 1.2 kcal mol^--1^, respectively. Thus, based on our computations, when pro-int\[5,6\] is formed in the T~1~ state, it can fall to the open-shell S~0~ state through an ISC by surmounting a barrier of 5.4 kcal mol^--1^. Once pro-int\[5,6\] is formed in the open-shell S~0~ state, the \[5,6\] adduct can be formed (energy barrier is only Δ*E*^‡^ = 1.6 kcal mol^--1^) (Table S7, ESI[†](#fn1){ref-type="fn"}). The transformation of pro-int\[5,6\]^T~1~^ into the \[5,6\]^S~0~^ adduct releases 21.9 kcal mol^--1^. This means that this process is reversible at 40 °C. Otherwise, if pro-int\[6,6\]^T~1~^ is formed first or is obtained after rotation of pro-int\[5,6\]^T~1~^ (rotation barriers of *ca.* 7 kcal mol^--1^, see Table S6, ESI[†](#fn1){ref-type="fn"}), pro-int\[6,6\]^T~1~^ can be converted from T~1~ to S~0~ through an ISC with a barrier of only 1.2 kcal mol^--1^ to get the \[6,6\] adduct in a barrierless process. The transformation of pro-int\[6,6\]^T~1~^ into the \[6,6\]^S~0~^ adduct releases 43.1 kcal mol^--1^ and, therefore, it is an irreversible process at 40 °C. Therefore, our computational results indicate that the \[6,6\] adduct should be the major product formed in the DA of isoindene to ^3^C~60~, as found experimentally.

![The molecular structure (distances in Å) of the biradical open-shell singlet (OS-S~0~) and triplet (T~1~) intermediates and crossing points.](c7cp07965f-f5){#fig5}

Conclusions
===========

We have computationally studied the Diels--Alder reaction between C~60~ and cyclopentadiene in the ground and high spin excited states. In high spin states, the most favored product is the \[5,6\] adduct, whereas in the ground state it is the \[6,6\] product. The origin of this change in the regioselectivity is connected with the aromatic character of the molecular cage. Despite the fact that our computations predict a change in regioselectivity when moving from S~0~ to T~1~ energy profiles, the experimental results show that the Diels--Alder between isoindene and photoexcited ^3^C~60~ also generates the \[6,6\] adduct instead of the \[5,6\] one. Analyzing the reaction in more detail, we have computationally found that in the T~1~ state the reaction goes through an intersystem crossing to reach the S~0~ state. When this occurs, the reaction ends in the ground state giving the \[6,6\] product. It remains to be seen yet whether the change of regioselectivity could be effective in spin states higher than the T~1~ state.
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[^1]: †Electronic supplementary information (ESI) available: Cartesian coordinates and energies of all species involved, the aromaticity results (HOMA, MCI, and *I*~NB~), Gibbs and electronic reaction energies and energy barriers for the reaction between ^2*S*+1^C~60~ (*S* = 0--6) and cyclopentadiene as well as for the reaction between ^2*S*+1^C~60~ (*S* = 0, 1) and isoindene/indene, and the experimental results with different reagent concentrations, type of irradiation, and conditions for the cycloaddition of indene and C~60~. See DOI: [10.1039/c7cp07965f](10.1039/c7cp07965f)
